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Abstract
South Asians are 1/4 of the world’s population and have increased susceptibility to central
obesity and related cardiometabolic disease. Knowledge of genetic variants affecting risk of
central obesity is largely based on genome-wide association studies of common SNPs in
Europeans. To evaluate the contribution of DNA sequence variation to the higher levels of
central obesity (defined as waist hip ratio adjusted for body mass index, WHR) among
South Asians compared to Europeans we carried out: i) a genome-wide association analy-
sis of >6M genetic variants in 10,318 South Asians with focused analysis of population-spe-
cific SNPs; ii) an exome-wide association analysis of ~250K SNPs in protein-coding regions
in 2,637 South Asians; iii) a comparison of risk allele frequencies and effect sizes of 48
knownWHR SNPs in 12,240 South Asians compared to Europeans. In genome-wide analy-
ses, we found no novel associations between common genetic variants and WHR in South
Asians at P<5x10-8; variants showing equivocal association with WHR (P<1x10-5) did not
replicate at P<0.05 in an independent cohort of South Asians (N = 1,922) or in published,
predominantly European meta-analysis data. In the targeted analyses of 122,391 popula-
tion-specific SNPs we also found no associations with WHR in South Asians at P<0.05 after
multiple testing correction. Exome-wide analyses showed no new associations between
genetic variants and WHR in South Asians, either individually at P<1.5x10-6 or grouped by
gene locus at P<2.5x10−6. At knownWHR loci, risk allele frequencies were not higher in
South Asians compared to Europeans (P = 0.77), while effect sizes were unexpectedly
smaller in South Asians than Europeans (P<5.0x10-8). Our findings argue against an
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important contribution for population-specific or cosmopolitan genetic variants underlying
the increased risk of central obesity in South Asians compared to Europeans.
Introduction
Central obesity is a major risk factor for insulin resistance, type-2 diabetes (T2D), and cardio-
vascular disease (CVD) [1,2,3,4]. South Asians, who comprise 1/4 of the world’s population,
are at high risk of developing central obesity compared to Europeans [5,6,7,8,9], and this is
widely considered to underlie their 2–4 fold excess risk of T2D and CVD [10,11,12,13,14]. Cen-
tral obesity is heritable amongst South Asians [15,16], consistent with an important genetic
contribution. Genome-wide association studies (GWAS) predominantly carried out in people
of European ancestry have identified genetic loci underlying central obesity
[17,18,19,20,21,22]. Few studies have investigated genetic factors underlying central obesity
amongst South Asians [23,24].
To investigate whether genetic variation accounts for the increased risk of central obesity
amongst South Asians compared to Europeans, we carried out South Asian-specific genome-
and exome-wide association analyses and related our results to published European findings.
We selected waist hip ratio adjusted for body mass index (WHR) as a measure of central obe-
sity. We focused on population-specific SNPs present amongst South Asians but not Europe-
ans to test whether these influence WHR amongst South Asians. We also targeted
cosmopolitan SNPs associated with WHR in previous GWAS, and SNPs in protein coding
regions which are considered to have a higher probability of functional relevance.
Materials and Methods
Design
We investigated the contribution of population-specific and cosmopolitan DNA sequence vari-
ation to the increased risk of central obesity in South Asians using genome- and exome-wide
association analyses. The study design is described in Fig 1.
Population and phenotype
Samples for the discovery analyses were selected from the London Life Sciences Population
(LOLIPOP) study, an ongoing population-based cohort of 17,606 South Asian and 7,766
Northern European men and women, aged 35–75 years, recruited from the lists of 58 general
practitioners in West London. South Asians were recruited to the study if all 4 grandparents
were born in the Indian Subcontinent (countries of India, Pakistan, Sri Lanka or Bangladesh).
Data on medical history, current prescribed medication, and cardiovascular risk factors were
obtained by a trained research nurse using an interviewer-administered questionnaire. Country
of birth of participants, parents, and grandparents were recorded together with language and
religion, for assignment of ethnic subgroups. Physical measurements included blood pressure
(mean of 3 readings, taken with an Omron 705CP), height, weight, waist and hip circumfer-
ence. Blood was collected after an 8 hour fast for plasma glucose, total and HDL cholesterol, tri-
glycerides, insulin and high sensitivity C-reactive protein. The research was approved by the
West London Research Ethics Committee (reference number: 07/H0712/150), and all partici-
pants gave written informed consent. Replication testing was done amongst 1,922 South Asian
participants from the Sikh Diabetes and Mauritius Family Studies (S1 Appendix; S1 Table)
[25,26,27,28].
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Waist hip ratio adjusted for body mass index (WHR) was used as a measure of central obe-
sity. This allows assessment of abdominal fat independent of differences in overall adiposity
[19].
Genotyping
Sample selection. We selected 10,318 South Asians for genome-wide association, and
2,637 South Asians for exome-wide association (2,096 individuals were present in both
groups). We also carried out genome-wide association in 2,148 Europeans to enable compari-
son between ethnic groups. Sample selection criteria and characteristics of participants are
summarised in S1 Table.
Genome-wide association. Genotyping platforms, calling algorithms, and quality control
measures used for genome-wide association are summarised in S2 Table. Hidden relatedness
or duplicate samples were sought using identity-by-descent methods implemented in PLINK;
samples with evidence for relatedness (pi_hat 0.5) were identified and one sample was
retained. Principal components analysis was carried out in Eigensoft v3.0; eigenvalues inconsis-
tent with either South Asian or European ancestry were removed.
Imputation of unmeasured genotypes was carried out amongst South Asians using sequenc-
ing data from 321 South Asian participants in the LOLIPOP study [29], enabling the
Fig 1. Study Design.
doi:10.1371/journal.pone.0155478.g001
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investigation of population-specific genetic variants. In Europeans, imputation of unmeasured
genotypes was carried out using the cosmopolitan 1000 genomes reference panel (phase 1, ver-
sion 3). All imputation was performed using IMPUTE2; markers with low imputation info
score (<0.4), Hardy-Weinberg equilibrium P<1.0x10−6, or minor allele frequency (MAF)
<2% were excluded. We assessed the accuracy of our South Asian-specific imputation by com-
paring imputed genotypes with corresponding direct genotyping results from our exome-wide
dataset among overlapping individuals (6,480 variants with MAF>2%). Compared to the
exome-wide dataset, mean sensitivity and specificity of the imputed SNPs were 99.41% (0.03)
and 99.40% (0.03) respectively. Mean concordance between direct and imputed genotypes was
98.31% (0.04). 6,571,328 SNPs were generated for South Asian-specific genome-wide associa-
tion analysis.
Exome-wide association. We genotyped 247,870 variants in protein-coding regions
among 2,637 South Asians, using the Illumina HumanExome Beadchip and OmniExpressEx-
ome (S2 Table). Variants were called using Gencall, followed by post-processing with zCall to
improve calling of rare variants. Samples with a SNP call rate<95% were removed, as were
SNPs with call rate<97%, MAF<1%, or Hardy-Weinberg equilibrium P<1.0x10−6. 245,496
SNPs passed quality control, of which 35,368 SNPs had MAF>1%.
Statistical analyses
South Asian-specific GWAS. Single variants were examined for association with WHR
using linear regression using SNPTEST; covariate adjustments were made for age, sex, BMI,
and 10 principal components to control for residual population stratification. SNP-trait associ-
ations were examined under additive, dominant and recessive inheritance models. Results were
normalised using an inverse normal transformed ranked scale, to enable comparison with
reported SNPs shown to be associated with WHR in previous GWAS. Each genotyping plat-
form was analysed separately, and results were combined by fixed effects inverse variance
meta-analysis within METAL. Heterogeneity was evaluated using the Cochran's Q statistic. A
significance threshold of P<5x10-8 was used for the discovery GWAS.
We refined our approach by focusing on a smaller number of genetic variants from our
genome-wide analysis which were population-specific (present in South Asians but not present
in Europeans within the 1000 genomes reference panel phase 1, version 3). Amongst the>6
million SNPs investigated in our genome-wide analysis we identified 122,391 South Asian-spe-
cific SNPs with MAF>2% which we examined for association with WHR. For the analyses of
population-specific genetic variants, statistical significance was inferred at P<0.05 after Bon-
ferroni correction for the number of SNPs tested, thus enhancing study power compared to
genome-wide association.
South Asian-specific exome-wide association. Exonic variants were examined for associ-
ation with WHR using linear regression and an additive genetic model within RAREMETAL-
WORKER, with adjustments for age, sex, and 10 principal components of ancestry. Results for
each genotyping platform were analysed separately and combined by meta-analysis within
METAL. Common, low-frequency, and rare variants were also grouped by genetic locus for
gene-based association analysis within RAREMETAL (CMC, Madsen-Browning, Variable
Threshold, and SKAT methods). We selected significance thresholds of P<1.5x10-6 and
P<2.5x10−6 for the single variant and gene-based analyses respectively (Bonferroni corrected).
Replication analysis. We carried out replication testing of all genetic variants showing
suggestive association with WHR amongst South Asians in genome-wide (P<1x10-5) and
exome-wide (P<1x10-3) analyses. Genome-wide results were tested for replication in an inde-
pendent cohort of South Asians (N = 1,922; S1 and S2 Tables; S1 Appendix) [25,26,27], and in
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published, predominantly European meta-analysis data from the Giant Consortium (2012–
2014 release) [20]. For our exome-wide results we performed replication testing among inde-
pendent samples from our discovery South Asian GWAS analysis (N = 8,222). A replication
significance threshold of P<0.05 was selected.
Population comparisons. We carried out a literature search to identify previously
reported SNPs associated with central obesity in GWAS at P<5x10-8. We found 38 SNPs asso-
ciated with WHR in men and women [19,22], and 11 SNPs associated in women alone [20,22].
We selected 48 of the 49 knownWHR SNPs for comparison between South Asians and
Europeans. One SNP, rs7801581 inHOXA11, was not available within our South Asian sample.
We analysed the 48 knownWHR SNPs for association with WHR in South Asians at P<0.05.
We examined for systematic differences in risk allele frequencies and in effect sizes between
South Asian participants in LOLIPOP and reported European results using the sign test; assess-
ing whether the observed South Asian results, categorised individually as higher or lower than
the European reference, differed significantly from the binomial probability distribution
(expected value of 0.5). The contribution of known genetic variants to the excess in WHR
among South Asians compared to Europeans in the LOLIPOP study was quantified by multi-
variate linear regression. To extend our analysis, we examined the 48 WHR SNPs in an inde-
pendent cohort of South Asians (N = 1,922), and used meta-analysis to combine the results
with our findings among South Asian participants in LOLIPOP.
Study power
Our South Asian GWAS has 80% power to identify single variants explaining 0.40% of the vari-
ation in WHR among 10,318 South Asians at P<5x10-8 (S3A Table); power to detect variants
with effects equivalent to the average effect size of reported WHR variants is<1% at genome-
wide significance. In our exome-array analysis we have 80% power to detect variants explaining
1.0% of the variation in WHR among 2,637 South Asians at P<1.5x10-6 (S3A Table). For our
population comparison of previously reported WHR SNPs from GWAS, we estimate between
10 and 84% power to replicate individual variants at P<0.05 among 10,318 South Asians (S3B
Table; or 15 and 91% among 12,240 South Asians, combined discovery and replication
cohorts).
To enhance study power we carried out targeted analyses of South Asian-specific SNPs. We
simulated the numbers of population-specific SNPs that would be required to explain the
increase in WHR amongst South Asians compared to Europeans as a function of allele fre-
quency and effect size (Fig 2). Amongst 10,318 South Asians we have>80% power to detect
common, population-specific variants associated with WHR with an effect size of>0.005 per
allele copy (untransformed β value). At this effect size there would need to be in excess of>20
common, population-specific common genetic variants associated with WHR amongst South
Asians (Fig 2).
Results
Population characteristics
The clinical characteristics of the 25,372 South Asian and European participants of the LOLI-
POP Study are shown in Table 1. Compared to Europeans, South Asians have higher waist hip
ratio (0.94 (0.08) v. 0.91 (0.08); P<0.001) despite similar body mass index (BMI) (27.4 (4.6) v.
27.5 (5.2); P = 0.23). South Asians also have a higher prevalence of T2D and CVD, higher fast-
ing glucose, insulin, HOMA-IR, HbA1c, and triglycerides, with lower HDL-cholesterol com-
pared to Europeans. Waist hip ratio remained higher amongst South Asians compared to
Europeans after adjustment for differences in age, gender, and BMI (Table 2).
Genetic Variation Underlying Central Obesity amongst South Asians
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South Asian-specific GWAS
Genome-wide analysis. There were no genetic variants (MAF>2%) associated with
WHR at genome-wide significance under additive, dominant, or recessive inheritance models
(S4 Table and S1 Fig). Comparisons of the distributions for observed and expected association
results revealed little evidence for test statistic inflation (Lambdas additive = 1.025, domi-
nant = 1.015, recessive = 1.015, S2 Fig). Variants showing equivocal association with WHR
under an additive model (5x10-8<P<1x10-5) did not replicate at P<0.05, either in an indepen-
dent cohort of South Asians (N = 1,922) or in published, predominantly European data for the
Giant Consortium (S4 Table).
Population-specific SNPs. We examined population-specific genetic variants for associa-
tion with WHR in South Asians, adopting 4 MAF thresholds: i.>2% (N = 122,391); ii.>5%
(N = 38,639); iii.>10% (N = 7,349); and iv.>20% (N = 596). None of these population-specific
genetic variants were found to be associated with WHR in South Asians at P<0.05 after Bon-
ferroni correction for the number of SNPs tested in their respective allele frequency window
(S5 Table). In addition, the observed distributions of association statistics did not deviate from
the expected null distributions arguing against enrichment for association with WHR amongst
the population-specific SNPs tested (Lambda = 1.022, S3 Fig).
Fig 2. Contribution of population-specific genetic variants to increasedWHR amongst South Asians compared to Europeans. Results are shown as
the number of SNPs needed to fully explain the difference in WHR between the populations across a range of effect sizes (per allele copy, dashed black
lines). Superimposed are lines showing the power (10% power, orange line; 80% power, red line) of the current study to detect common and low frequency
genetic variants associated with WHR amongst South Asians. Results show that our study sample size is sufficient to identify common variants with effect
size >0.005 per allele copy, and rare / infrequent variants with effect size >0.025 (untransformed β values). At these effect sizes, there would need to be 10s
to 100s of population-specific genetic variants to explain increasedWHR amongst South Asians. At effect sizes smaller than those identifiable in the current
study, there would need to be 100s of common variants or 1000s of rare / low frequency variants that are population-specific and associated with WHR, to
account for increasedWHR amongst South Asians.
doi:10.1371/journal.pone.0155478.g002
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South Asian-specific exome-wide association
None of the examined variants (MAF>1%) were found to be associated with WHR in South
Asians at P<1.5x10-6 (S6 Table and S4 Fig), and we found no evidence of deviation of the
observed distribution of the test statistics from that expected under the null hypothesis
(Lambda = 0.996, S5 Fig). In replication testing of equivocal variants (1.5x10-6<P<1x10-3),
only the rs17778003 SNP in ZFAT showed evidence of association with WHR at P<0.05, in
South Asians (P = 7.2x10-3) but not in Europeans (P = 0.58) (S6 Table). We found no genes
associated with WHR at Bonferroni genome-wide significance threshold of P<2.5x10−6 using
gene-based association analyses (S7 Table).
Table 1. Characteristics of participants in the LOLIPOP Study.
South Asians Europeans P value
n 17,606 7,766
Age (yrs) 50.5 (11.2) 52.3 (11.6) 8.3E-29
Male (%) 61 60 1.7E-02
Coronary heart disease (%) 11 6 1.1E-32
Type-2 diabetes (%) 19 7 9.4E-106
Hypertension (%) 29 20 1.1E-47
Treated type-2 diabetes (%) 13 4 3.2E-90
Treated hypertension (%) 28 19 5.6E-45
Treated dyslipidaemia (%) 20 13 6.5E-34
Body mass index (kg/m2) 27.4 (4.6) 27.5 (5.2) 2.3E-01
Waist hip ratio 0.94 (0.08) 0.91 (0.08) 3.9E-154
Systolic BP (mmHg) 131 (19) 131 (19) 6.2E-01
Diastolic BP (mmHg) 80 (11) 79 (11) 2.5E-12
Cholesterol (mmol/L) 5.2 (1.1) 5.4 (1.1) 4.9E-45
LDL cholesterol (mmol/L) 3.2 (0.9) 3.3 (0.9) 4.3E-28
HDL cholesterol (mmol/L) 1.3 (0.3) 1.4 (0.4) 4.0E-186
Triglycerides (mmol/L) 1.7 (1.2) 1.5 (1.1) 7.7E-32
Glucose (mmol/L) 5.8 (2.0) 5.4 (1.5) 3.8E-65
Insulin (mU/L) 13.1 (12.2) 9.9 (10.1) 7.6E-85
HbA1c 6.0 (1.3) 5.5 (0.9) 3.0E-289
HOMA-IR 3.6 (4.3) 2.6 (3.7) 1.0E-63
Results are presented as mean (standard deviation), or % for categorical variables; comparisons using student t- and chi-squared tests.
doi:10.1371/journal.pone.0155478.t001
Table 2. Multivariate regression analysis of waist hip ratio in South Asian compared to European par-
ticipants in the LOLIPOP Study.
Adjustments made WHR difference (95% CI) South Asians vs.
Europeans
P value
Age, Sex 0.030 (0.027–0.034) 6.3E-68
Age, Sex + BMI 0.038 (0.035–0.041) 2.3E-
132
Age, Sex + BMI + 37 WHR SNPs 0.038 (0.034–0.042) 6.0E-76
Age, Sex + BMI + 37 WHR SNPs + 11
additional WHR SNPs
0.037 (0.033–0.042) 3.1E-61
37 WHR SNPs–previously reported associations with WHR in men and women (P<5x10-8); 11 additional
WHR SNPs–previously reported associations with WHR in women alone (P<5x10-8).
doi:10.1371/journal.pone.0155478.t002
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Comparison of known genetic variants
We examined 37 knownWHR SNPs for association with variation in WHR amongst South
Asian men and women participating in the LOLIPOP study. Only 4 achieved nominal signifi-
cance (rs6556301 near FGFR4, P = 6.3x10-03; rs984222 in TBX15, P = 6.6x10-3; rs1011731 in
DNM3, P = 1.8x10-2; rs12608504 near JUND, P = 2.7x10-02; Table 3). For the 11 SNPs known
to be associated with WHR in women alone, 2 had a nominally significant effect in South
Asian women (rs4684854 near PPARG, P = 1.3x10-2; rs1534696 in SNX10, P = 2.7x10-3;
Table 3).
We compared overall effect allele frequencies and effect sizes for these 48 SNPs between
South Asian participants in the LOLIPOP Study and reported European results. Effect allele fre-
quencies were similar between the two groups (sign test P = 0.67, Fig 3A). Effect sizes for WHR
were consistently lower in South Asians compared to Europeans (sign test P<1.7x10-6, Fig 3B).
Inclusion of results from a further 1,922 independent South Asians did not increase the number
of SNPs achieving nominal significance (S8 Table), and did not alter comparisons of effect allele
frequencies or effect sizes between populations (sign test P = 0.77 and P<5.0x10-8 respectively,
S6A and S6B Fig).
Together the 48 established WHR SNPs explained 0.7% of variation in WHR, equivalent to
2.5% of the reported ~27% heritability [16], among South Asians (LOLIPOP Study partici-
pants, men and women combined). When included in multivariate regression analyses exam-
ining the differences in WHR between the two populations, these variants did not account for
any of the excess risk of central obesity observed in South Asians compared to Europeans
(Table 2).
Discussion and Conclusion
Central obesity, characterised by accumulation of excess body fat in an abdominal distribution,
is a leading risk factor for T2D, CVD, and premature mortality [1,2,3,4,30,31]. Central obesity
is more prevalent amongst South Asians compared to Europeans [5,6,7,8,9], but the mecha-
nisms underlying this are not well understood. Family studies show that central obesity is heri-
table in South Asians [15,16]. Current knowledge of genetic loci influencing central obesity
risk is however largely based on the study of common variants using GWAS among Europeans
[17,18,19,20,21,22].
We carried out a GWAS of WHR in South Asians, using imputation of population-specific
and cosmopolitan genetic variants identified through next-generation sequencing in 321 South
Asians [29]. We found that none of the>6 million evaluated variants were associated with var-
iation in WHR among 10,318 South Asians at genome-wide significance. We then carried out
a targeted analysis of population-specific SNPs to test whether these might account for
increased WHR amongst South Asians. Despite focus on a smaller number of genetic variants,
enhancing study power compared to genome-wide association, we again found no genetic vari-
ants associated with WHR in South Asians. In parallel we carried out an exome-array analysis
among 2,637 South Asians to provide more comprehensive characterisation of genetic varia-
tion in protein coding regions, which are considered to have a higher probability of functional
relevance. We found a single variant, rs17778003 in ZFAT, showing weak association with
WHR in South Asians, but no novel associations were identified at P<1.5x10-6. Further we
found no evidence of genes showing enrichment for common, low-frequency or rare protein-
coding variants underlying WHR in South Asians.
We modelled the number of population-specific SNPs required to explain the increase in
WHR amongst South Asians compared to Europeans as a function of allele frequency and
effect size, as well as study power to detect these variations. Our simulations show we are well
Genetic Variation Underlying Central Obesity amongst South Asians
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powered to identify variants with modest phenotypic effects in our sample of 10,318 South
Asians (Fig 2). At these effect sizes there would need to be upwards of 20 population-specific
genetic variants associated with WHR amongst South Asians. In contrast we find none. We
Fig 3. KnownWHR SNPs. (A) Comparison of risk allele frequencies in South Asians (N = 10,318) and Europeans
(reported). (B) Comparison of effect sizes (βWHR) in South Asians and Europeans.Green–men and women
combined (37 SNPs in South Asians (N = 10,318) and Europeans (reported)); orange–women alone (11 SNPs in South
Asians (N = 1,463) and Europeans (reported)).
doi:10.1371/journal.pone.0155478.g003
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therefore conclude that a small number of common, population-specific genetic variants with
modest effect size do not account for increased WHR amongst South Asians. Indeed, if
increased WHR amongst South Asians is the result population-specific genetic variants, this is
a polygenic disorder comprising very many genetic variants (>20) that are uncommon (MAF
<2%) and / or have small effect size (<0.005 increase in WHR per allele copy).
Differences in risk allele frequencies and effect sizes at known adiposity loci, including FTO
andMC4R, have been observed between South Asians and Europeans [23,32]. We compared
reported SNPs at 48 established WHR loci in South Asians and in Europeans to investigate
whether these variants underlie the excess risk of central obesity observed in South Asians.
When compared with published European results, we observed limited evidence for replication
at knownWHR SNPs among South Asians; only 34 of 48 WHR loci showed directionally con-
sistent effects on WHR in South Asians. When all 48 knownWHR variants were examined
together we observed no systematic differences in risk allele frequencies, and consistently
smaller effect sizes, in South Asians compared to Europeans. Combined these variants
accounted for<1% of phenotypic variation in WHR among South Asians, and did not contrib-
ute to the excess of WHR observed in South Asians compared to Europeans. The reasons for
the lack of replication of knownWHR SNPs in South Asians are not known but may include:
(i) genetic loci with European-specific effects; (ii) stronger relationships between tag and causal
SNPs in Europeans because of differences in haplotype structure; (iii) inflated effect sizes in the
European discovery sample due to winner's curse; (iv) greater phenotypic heterogeneity in
South Asians, who have smaller stature but greater central adiposity than Europeans, with
reduced power to detect SNP-trait associations. Nevertheless, our findings robustly demon-
strate that knownWHR SNPs do not account for the increased risk of central obesity amongst
South Asians compared to Europeans.
Mechanisms underlying central obesity risk among South Asians remain unclear. We have
not excluded the possibility of a genetic contribution through multiple common variants with
small effects, rare variants with larger phenotypic effects, or structural variations that are inade-
quately captured using current analytic platforms. Environmental influences have an impor-
tant role in central adiposity [1,33,34,35,36,37,38], and may contribute to increased risk of
central obesity in South Asians. For example differences in lifestyle, such as lower levels of
physical activity [39,40,41,42], and higher levels of total calorie, refined starch and saturated fat
intake [43,44,45,46], have been reported in South Asians compared to Europeans. Similarly,
the prevalence of low birth weight, which is associated with accelerated childhood weight gain
[47,48,49] and future development of central obesity and metabolic disturbance
[50,51,52,53,54,55], is higher in South Asians than Europeans [56,57,58,59,60,61]. Another
explanation is that population-specific epigenomic modifications [62,63,64,65], which regulate
gene expression and phenotypic variation without change in DNA sequence [66,67], contribute
to central obesity predisposition amongst South Asians. These modifications in DNAmethyla-
tion, histone modification, and chromatin remodelling, can be transmitted through the germ-
line and modified by environmental exposures [66,68,69,70,71], providing a compelling
putative mechanism for unexplained phenotypic variation. Future initiatives combining new,
more targeted analysis strategies and larger sample sizes will be required to elucidate the rela-
tive roles of these genomic and environmental factors in the excess of central obesity among
South Asians.
Supporting Information
S1 Appendix. South Asian replication cohort description.
(DOCX)
Genetic Variation Underlying Central Obesity amongst South Asians
PLOS ONE | DOI:10.1371/journal.pone.0155478 May 19, 2016 12 / 17
S1 Fig. South Asian GWAS–Association of SNPs with WHR by chromosome position. (A)
Additive inheritance model. (B) Dominant inheritance model. (C) Recessive inheritance
model.
(TIF)
S2 Fig. South Asian GWAS–Relationship of observed association statistics with those
expected under the null distribution. (A) Additive inheritance model (Lambda = 1.025). (B)
Dominant inheritance model (Lambda = 1.015). (C) Recessive inheritance model
(Lambda = 1.015).
(TIF)
S3 Fig. South-Asian GWAS targeted analysis of population-specific SNPs. Relationship of
observed association statistics with those expected under the null distribution (MAF>2%,
Lambda = 1.022).
(TIF)
S4 Fig. South Asian exome-array analysis–Association of SNPs with WHR by chromosome
position.
(TIF)
S5 Fig. South Asian exome-array analysis–Relationship of observed association statistics
with those expected under the null distribution (Lambda = 0.996).
(TIF)
S6 Fig. KnownWHR SNPs. (A) Comparison of risk allele frequencies in South Asians,
extended analysis (N = 12,240) and Europeans (reported). (B) Comparison of effect sizes (β
WHR) in South Asians and Europeans, extended analysis. Green–men and women combined
(37 SNPs in South Asians (N = 12,240) and Europeans (reported)); orange–women alone (11
SNPs in South Asians (N = 2,363) and Europeans (reported)).
(TIF)
S1 Table. Characteristics of participants in the genotyping cohorts.
(DOCX)
S2 Table. Genotyping cohort platforms and quality metrics.
(DOCX)
S3 Table. Study power to identify single variants associated with variation in WHR
amongst South Asians, and replicate knownWHR SNPs amongst South Asians.
(DOCX)
S4 Table. South Asian GWAS–Top ranking single markers at P<1x10-5 under an additive,
dominant and recessive inheritance models inheritance model.
(DOCX)
S5 Table. South Asian GWAS targeted analysis–Top ranking population-specific markers
under an additive inheritance model.
(DOCX)
S6 Table. South Asian exome-array analysis–Top ranking single markers at P<1x10-3, with
replication among South Asians (GWAS) and Europeans (GIANT consortium meta-analy-
sis [20]).
(DOCX)
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S7 Table. South Asian exome-array analysis–Top ranking gene-based association results at
P<1x10-3.
(DOCX)
S8 Table. Comparison of 48 knownWHR SNPs in South Asians (N = 12,240; extended
analysis) and Europeans.
(DOCX)
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